Women are under-represented in many top jobs. We investigate whether biased beliefs about female ability -a form of 'mistake-based discrimination' -are partially responsible for this under-representation. We use more than 10 years of data on the performance of female jockeys in U.K. and Irish horse racing -a sport where, uniquely, men and women compete side-by-side -to evaluate the presence of such discrimination.
Introduction
Women are under-represented in top-ranking positions across a range of professions: within business, within politics, and within academia. This under-representation has been dubbed the 'glass ceiling', and has attracted interest from academics (e.g. Bertrand and Hallock (2001) ), policymakers 1 , and the popular press 2 . Furthermore, the absence of women in high-ranking positions coincides with a gender wage gap right across the wage distribution (Arulampalam et al. (2007) ).
Explanations for unequal outcomes for men and women in the labour market are manifold. One explanation is that women are reluctant to engage in competition. Niederle and Vesterlund (2007) show that women prefer piece-rate compensation, rather than compensation determined by a competitive tournament. If the achievement of high office -whether in 1 For example, see the British government report on increasing female representation on corporate boards (www.gov.uk/government/policies/making-companies-more-accountable-to-shareholders-and-the-public).
2 For example, see The Economist on the male-dominated world of central banking (www.economist.com/news/finance-and-economics/21584386-unsteady-march-diversity).
body shape, and tradition. One trainer in this study suggests that they would always prefer a male jockey over jumps, primarily due to the physical strain, but that the choice was less clear on the flat:
'I think Hayley Turner is as good as any guy riding; she rides a bit for me. There are a lot of good girls riding.'
Roberts and MacLean go on to suggest that while the prospects for women in flat racing may improve (due to the importance of being light), there is little chance of equal opportunities for women in jump racing.
As mentioned earlier, the key feature of our empirical design is that we do not have to evaluate the relative merits of male and female jockeys, either in flat racing or over jumps.
Neither do we need to assume that males and females receive equal opportunities to ride the strongest horses. (The discussion above suggests that they do not). We can control for both jockey and horse ability, via the betting market odds, and ascertain whether female jockeys outperform these expectations. As a result, we can establish whether betting markets -which are populated by bookmakers, owners, trainers, jockeys, stable hands, and the betting public -hold skewed beliefs about female ability in a male-dominated environment.
Horse Race Betting
Punters in the U.K. and Ireland can bet on horse races in three main market structures. The first of these is the Tote, a pari-mutuel pool run until recently in the U.K. by the government, but now in the hands of a private operator. Tote Ireland is owned by the country's horse racing governing body. Pari-mutuel pools dominate wagering in the U.S. and Hong Kong, but are slightly less popular in the U.K. and Ireland (in part due to the available alternatives that we will discuss). When placing a bet in a pari-mutuel pool, the punter does not specify the price (or odds) at which they would like to trade. Instead the bettor only specifies the volume of their bet. Winnings bets are then funded from the money taken from all of the losing bets, after the operator has removed the track-take. The track-take in the U.K. was as low as 13.5% in 2003, but is now quoted at 22%. The money paid to a punter holding a winning ticket is determined by the proportion of volume on that horse for which he or she was responsible. The odds on each horse are declared when the market closes at the start of each race. The more money that is placed on a horse, relative to the competition, the lower the final odds and the lower the payout in the case of a win.
The second type of betting is facilitated by bookmakers. In contrast to pari-mutuel betting, bookmakers specify a price, or odds, that they are willing to offer. These odds can be posted in bookmaker shops on high-streets throughout the country, online, or on electronic boards with the on-course bookmakers. The volumes that can be traded at these odds are not specified, and bookmakers may refuse to take large bets for certain horses. Rather than profiting from the track-take, bookmakers' profit margins stem from the 'over-round'; i.e. if you summed up the win probabilities of all the horses in a race -implied by the bookmaker's odds -they would exceed 1. This allows bookmakers to, in expectation, make a small profit on each race. For our study, we use the Starting Price (SP), an average of on-course bookmaker prices at the time the race starts. These odds should be the most informative bookmaker odds, as these bookies can observe the horses and conditions at closer proximity than bookmakers located away from the racecourses. Indeed, many off-course bookmakers agree to settle bets at the SP.
A third form of betting markets are the betting exchanges, the largest of which is Betfair in the U.K.. Developed only in the last decade and a half, the exchanges allow for individual punters to replicate the role of bookmakers. Modelled on the structure of financial limit order books, bettors can back or lay horses. Laying a horse means betting that she or he will lose.
Furthermore, these back and lay bets can be placed in the form of limit orders (or quotes for others to take the other side of the bet), or market orders (executed at quotes already provided by others on the exchange).
There are two main differences between the Tote, on the one hand, and the bookmakers and betting exchanges on the other. The first difference is that prices are not fixed at the time a bet is placed with the Tote. Projected prices, based on volume so far, are displayed on the screens prior to a race, but a large amount of money is typically wagered in the last few minutes, leading to large, and late, price swings. Secondly, there is no intermediary in pari-mutuel betting. While bookmakers and betting exchange participants set prices -which can account for volume if they think the volume is informative, or discount trading volume if they think it is not -prices in the pari-mutuel pool are solely determined by volume. These differences have two potential implications. Firstly, pari-mutuel prices may reflect the beliefs of bettors without the interjection of the views of a few bookmakers or liquidity providers on the exchanges. Secondly, if beliefs are biased against female jockeys, for example, the absence of accurate real-time price information means that it is problematic to arbitrage any discrimination against female jockeys in pari-mutuel pools. In these two senses, it would be interesting to use pari-mutuel prices to evaluate gender discrimination in horse race betting.
However, records of Tote prices are often patchy (particularly for those horses that did not win races), and are not available for such a long time-frame as the bookmaker SP we use in this study.
For many decades researchers have used betting market data to evaluate beliefs, riskpreferences, and market efficiency. From the early work of Griffith (1949) , researchers have typically noted a favourite-longshot bias, where the returns to betting on favourites exceed those of betting on longshots. This bias has been found in pari-mutuel pools (e.g. Snyder Ali (1977) ) and adverse selection (Shin (1993) ). For a survey of these explanations, see Ottaviani and Sørensen (2008) ). Ours is the first study, to our knowledge, to evaluate mispricing of bets due to participant gender. At the same time, we find a slight negative favourite-longshot bias which, while rare, has been found in other well-developed betting markets (e.g. Busche and Hall (1988) ). In evaluating the presence of discrimination against female jockeys, we will attempt to rule out any confounding effect related to the favouritelongshot bias.
Data
We collected data on U.K. and Irish horse races from 1st January 2003 to the 7th September 2013 from Betwise, a betting information company. This sample includes 123,704 races with just over 1.32 million runners. The database includes a series of race variables, such as the date, time, location, class, type of race, and distance. Class is only applicable for U.K. races, and runs from 1, the elite class, to 7. The majority of races are one of 5 types. The first three of these are run on the flat. These are 1) all-weather flat races, which are run on synthetic ground, 2) (standard) flat races, which are perhaps the most prestigious, and 3) national hunt flat races, which are used to ease future jump horses into the practice of racing. The other two major types of races involve obstacles. These are 1) hurdle races, where the obstacles are relatively low, and 2) steeplechases, which involve more arduous obstacles. The Grand National, the most famous of the jump races, is a steeplechase.
Also included in our data are a number of horse-specific variables. These include the name of the horse, the name of the jockey, and the starting price (SP) for each horse in each race. As discussed in Section 3, the starting price is an average of on-course bookmaker odds at the time the race begins. The odds, which include the stake, range from 1.01 to 501. For example, a 1 GBP winning bet on a horse with an SP of 3 would lead to a payout of 3 GBP (including the return of the 1 GBP stake). The bettor would therefore have made a profit of 2 GBP. If the horse loses, the 1 GBP stake is kept by the bookmaker.
Our next procedure is to identify the female jockeys within the sample. Most of the time, this is a simple task. Most female jockeys are listed as a Miss, Mrs, or Ms in the data.
However, there are certain jockeys without a title. For these we checked first names and designated the jockey as a female only after an internet search (involving the British Horse Racing Authority site, the Horse Racing Ireland site, the Racing Post site and other Google searches) revealed his or her gender. There were some jockeys whose identity was not clear (i.e. listed as 'Reserve', for example), and these were left out of the analysis.
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Our designation of jockey gender turned up 1385 females, and 4749 males. This includes amateur jockeys, apprentices (or conditionals, in jump racing), and professionals. In Table 1 we summarise the participation of women across the full sample, across years, across classes 5 We were unable to classify the identity or gender of 1.2% of the participants in our sample. We do not find that these unidentified competitors outperform or underperform betting market expectations (with respect to male and female jockeys with similar implied win probabilities), and, further, there is little in the literature we reviewed in Section 2 to suggest that males or females disproportionately play the back-up role of Reserves (who themselves are more likely to be unidentified in our data-set). We therefore do not have reason to believe that leaving these competitors out of our analysis affects any inferences we draw.
of race, and across race types. Overall, female participation stands at 4.75% of rides. There is some evidence that this has increased over the years, going from 4.2% in 2003 to 6.2% in 2012 (the last full year in our sample). However, female participation does appear to be concentrated in lower-grade races. Females secure 7.48% of rides in class 7, but only 1.16% in the top class races. Finally, females secure a greater number of rides on the flat, particularly in the less prestigious races on synthetic surfaces (the all-weather flat races), and in national hunt flat races, which are staging posts for future jump horses. Female participation in jump races is low, with women securing 2.18% of rides in hurdle races, and 2.89% of rides in steeplechases.
We also calculated the predicted percentile of each jockey in each race, and display the average of this statistic for females in Table 1 . The percentile is calculated by ordering the horses in each race from the favourite to the longest of longshots. For example, a horse with an SP of 2 is predicted to finish before a horse with an SP of 4, who is predicted to finish before a horse with an SP of 7, and so on. This predicted percentile measure indicates that female jockeys are typically longshots in races. Female jockeys are, on average, the 59.53rd percentile in races. There is not much evidence that this has changed over the years, though there is some evidence that women are more likely to ride favourites in lower class races. The average female percentile in class 7 races is 58.05, compared to 63.37 in class 1 races. Females are also more likely to ride favourites in national hunt events (including flat races) compared to all-weather and standard flat races. For example, female jockeys ride, on average, as the 49.43rd percentile in national hunt flat races.
Our first measure of race success is an indicator variable equalling 1 if the horse won the race. We want to compare this for each implied win probability, which is calculated as 1/SP , where SP is the starting price. The idea behind this measure is that, in the absence of a bookmaker profit margin and in the case of a risk-neutral representative bettor (more on this in a moment), all bets would yield an expected return of 0. In other words, the implied win probability would approximate the empirical win probability. For example, take a series of horses with SP s of 4. The implied win probability of these horses would be 1/4 = 0.25.
Therefore, such horses should win approximately 1 out of 4 times they run. If the bettor picks up a profit of 3 GBP for each win, he or she will, in expectation, break even, by losing 1 GBP in each of the other 3 runs. Now, if there is a positive bookmaker margin, implied win probabilities will actually slightly overestimate empirical win probabilities. Furthermore, if the representative bettor is risk-loving (or alternatively, risk-averse), we will observe a positive (negative) favourite-longshot bias. This is because a risk-loving (risk-averse) bettor is willing to pay a premium, in terms of lower expected returns, in return for betting on a low (high) win probability horse. We will keep an eye on both of these potential frictions -the bookmaker margin, and the risk preferences of the representative bettor -in our upcoming empirical analysis.
In Figure 1 we plot the average race win indicator for each implied win probability (rounded to 2 decimal places). We compare this plot for male jockeys (dots) and female jockeys (diamonds). If women are systematically underestimated, we should observe more female dots above the male dots (for any implied win probability). To put this another way, if the betting market underestimates female jockeys, a section of female jockeys predicted to win 25% of the time (i.e. with odds of 4), for example, would actually win 24% of the time, compared to male jockeys with the same odds who only win 23% of the time. Such an example allows for a bookmaker profit margin, but implies that the margin would be smaller for female jockeys if they are underestimated relative to men. Where the data are plentiful (at the lower implied win probabilities), however, it would appear that male and female jockeys, with the same odds, win approximately as often as each other. As we move towards higher implied win probabilities, it is clear that the data for women becomes more noisy. This is due to the absence of sufficient female favourites. Nevertheless, there is no clear graphical evidence from the full sample that women are systematically underestimated relative to men.
The problem with our first measure of race success is that it is relatively coarse. All of those that fail to win the race receive the same measure of success: a 0 in the win indicator column. This ignores potential differences in how each horse and jockey performed relative to market expectations. With this in mind, we also consider the predicted and actual finishing positions of male and female jockeys.
The predicted position is calculated by ordering the horses by their win odds, as with the predicted percentile measure. In Figure 2 we plot the average actual finishing position for each predicted finishing position. Male (Female) jockeys are displayed with dots (diamonds).
We truncate the analysis at the top 20 predicted positions as few races have more than 20
competitors. An important thing to note is that, aside from the favourites (who can only underperform), horses that finish tend to outperform expectations, simply by finishing. There are a substantial number of horses that are pulled-up during races (and therefore do not have a finishing position). Those that do complete the race, therefore, tend to jump a few places.
More importantly, we find little graphical evidence from the full sample that female jockeys outperform expectations in terms of finishing position. If female jockeys are systematically underestimated we would expect to find female dots below their male equivalents (i.e. for each predicted position female jockeys would finish a rank or two higher). However, there is little from the plots of the full sample to suggest that there is a such a general underestimation of women.
We intend that our two measures of race success capture female jockey performance relative to expectations in a way that is intuitive for the industry. Such a performance would show up as 1 in the win indicator column, on a horse incidentally with a win probability of only 0.117 (SP of 8.5), and also a finishing position of 1st despite being ranked 5th prior to the race. This is precisely the type of outperformance -if replicated for women across the sample -which would indicate a systematic underestimation of their abilities. In other words, in this very small sample, one female jockey is winning substantially more often than her odds would suggest. In the next section we will formally test whether the market underestimates women across a much larger sample of women, and across the full 10 years.
Analysis
We begin our analysis by assessing whether female jockeys win races more often than their odds imply. If they do, this would suggest that the market underestimates their ability to get the best out of their horse. In the first column of Table 2 , we regress an indicator variable equalling 1 if the horse in question won the race, on the implied win probability of the horse (calculated from the starting price), and an indicator variable equalling 1 if the jockey was female. All 1.32 million observations are included, an OLS specification is used, and heteroskedastity-consistent standard errors are clustered at both the jockey-level and the horse-level. By clustering both at the jockey and horse level -see Cameron et al. (2011) for the methods used -we allow for error correlations for different jockeys riding the same horse, and also error correlations for different horses ridden by the same jockey. The OLS model utilised provides easy to interpret coefficients. We would expect the intercept to be negative to allow for a bookmaker profit margin. Furthermore, in an efficient market (i.e.
with no favourite-longshot bias), we would expect the coefficient associated with implied win probability to be close to 1.
Examining these results, we find that the intercept is indeed negative (-0.15), but that the implied win probability coefficient is 0.965, significantly different from 1 statistically.
This indicates that there is a slight negative favourite-longshot bias. This means, once you account for the bookmaker margin, in our data longshots (favourites) win more (less) often than their odds suggest. (A coefficient above 1 would indicate a positive favourite-longshot bias, where favourites win more often than their odds suggest. We will return to this in a moment). Importantly, we find that that there is a small significant effect attached to the female jockey indicator. Female jockeys win 0.3% more races than their odds imply. While this effect was too small to decipher graphically, our regression suggests that female jockeys are slightly underestimated by the betting market when we consider the full sample.
Returning to the negative favourite-longshot bias, it is possible that the significance of the female jockey indicator is in part due to the fact that females are disproportionately longshots in the races in which they compete (see the percentile evidence in Table 1 ). If this is the case, we would be confounding an underestimation of female ability with a general, gender unrelated, bias in betting prices. One way to examine this possibility is to interact the female jockey dummy with implied win probability. If female jockeys appear to be underestimated simply because they are often longshots, then we should observe that the effect is greatest for female jockeys who have low implied win probabilities. In the second column of the top panel of Table 2 we present the results of this regression. We actually find that there is greater underestimation of female ability for favourites (those with high implied win probabilities), if anything, as shown by the positive coefficient associated with the interaction term. While the interaction is statistically insignificant, the female jockey indicator retains its significance at the 10% level. In short, there is slight evidence of female underestimation, in terms of wins, and little of this appears to be related to any general favourite-longshot bias in betting prices.
In the previous section we discussed how measuring a horse's finishing position may be preferable to the win indicator measure as it captures finer information about the performance of all horses relative to expectations. In the bottom panel of Table 2 , therefore, we examine how finishing position varies across jockey gender. We regress finishing position on the predicted position of the horse (inferred from an ordering of betting odds), and an indicator variable equalling 1 if the jockey riding the horse was female. All observations are included in the regression, though there are only 1.22 million observations in this regression as certain horses failed to finish their race. An OLS specification is again used, and heteroskedasticityconsistent standard errors are clustered at both the jockey and horse level. We find that female jockeys finish only 0.04 places higher than the market predicts, a mispricing which is statistically insignificant. In the second column of the bottom panel of Table 2 , we also interact predicted finishing position with the female jockey dummy, to ascertain whether there is a significant difference in the mispricing for those predicted to finish well and those with lesser prospects in the same race. We find no significant difference. To sum up at this stage, while there is a slight underestimation of women in the full sample in terms of wins (0.3%), there is little or no effect to be found in terms of placings.
For the remainder of the analysis we will consider a number of sub-samples. Our first hypothesis is that discrimination occurred in earlier years. The 2000s was an important decade for female participation in horse racing. In 2008, Hayley Turner became the first woman to win 100 flat races in a season. This followed her success in 2005, when she was joint Champion Apprentice. It is possible that female ability was underestimated earlier in our sample, before the achievements of this era's most successful female jockey conveyed information to the betting market about the general merits of female jockeys.
With this in mind, in Table 3a we repeat the first win indicator regression, but this time break the sample down year by year. In Table 3b , we conduct a similar exercise by repeating the finishing position regression for each year. From these results, there is little evidence that any bias in beliefs has shifted over the period of our sample. Female jockeys won 0.4% more often that their odds suggested in 2012, and gained 0.11 places, on average, relative to expectations in 2011. However, there is no evidence to suggest that female jockeys were underestimated -either in terms of wins or placings relative to expectations -in the early years.
Another hypothesis is that biased beliefs may be more prevalent (or at least easier to observe) in lower class races. This may be due to one of two factors. Firstly, with less money at stake in lower class races, there is arguably less incentive for bettors (and bookmakers) to acquire detailed information on jockey (and horse) ability. (Information may also be harder to obtain at the lower end of the sport, as the races and participants have a lower profile). Secondly, if there is a mispricing (of which an underestimation of women is just one example), smaller betting markets are less attractive to arbitrageurs looking to correct inefficiencies. Chordia et al. (2008) present evidence from financial markets to suggest that liquidity encourages arbitrage and market efficiency. Without such liquidity in the betting markets on lower class races, we may be more likely to observe biased beliefs about female ability.
To this end, in Tables 4a and 4b we repeat the analysis of (2%) and places (0.32 positions) in class 1 races, but the effect quickly reverses as female jockeys are underestimated by a larger 0.55 places in class 2 races, which are also elite events.
It is difficult, therefore, to discern any clear pattern between class and female over/under estimation.
Our final hypothesis relates to race type. As discussed in Section 2, races can be run on the flat and over jumps. Female participation is much lower in jump racing (hurdles and steeplechases), than it is on the flat (see Table 1 ). Even within flat races, there are marked differences in female participation rates. Women get more rides on all-weather tracks and in national hunt flat races than they do in the classical flat races. It is possible that an underestimation of female ability is in some way connected with rates of participation.
With this in mind, in Tables 5a and 5b we repeat the regressions of Table 2 , but this time with the sample broken down by race type. As before, wins are considered in Table 5a , with finishing position relative to predicted position in Table 5b . For wins, we find above average underestimation for two of the race types. Female jockeys win 0.7% more hurdle races than the market predicts, and 0.9% more steeplechases. Female participation in these two forms of jump racing is low, standing at 2.18% and 2.89% for hurdles and steeplechases Why might the underestimation of female jockeys occur in races where female participation is low? To our mind, there are at least three possible explanations. One possibility is that there is a confounding factor which drives both low rates of female participation, and a small underestimation of female ability. For example, the physicality of jump racing may create the impression that females are unsuitable as jump jockeys (see the discussion in Section 2), and also cause bettors to underestimate female ability. In other words, the two outcomes go hand-in-hand, but are actually caused by a third factor. Another possibilityand in fact the initial hypothesis in our study -is that low rates of female participation (in the job market more generally) are caused by systematic underestimation of female ability.
In the case of horse racing, this would suggest that the betting market reveals a bias in the industry's beliefs, and it is this bias that leads to low levels of female employment in this particular part of the industry. A final possibility is that low levels of female participation actually lead to underestimation. It is possible that bettors are only able to accurately assess female ability if they receive sufficient signals regarding the quality of female jockeys.
In the absence of enough signals (i.e. enough female jockeys), the betting market (and the industry) continue to hold mistaken beliefs, and, in turn, female participation continues to be low. Without a clean instrument -such as the exogeneous imposition of a female quota, for example -we are unable to distinguish between these explanations.
Conclusion
We use data from 123,704 horse races spread over more than 10 years to investigate whether society holds biased beliefs about the abilities of women. Just as in business, politics and academia, men and women compete side-by-side. The difference in horse racing is that members of the public periodically enter the workplace, and trade bets on the winners and losers. The prices that result from these bets provide a unique window onto society's beliefs about female ability in a male-dominated occupation. If women are underestimated, we should observe female jockeys winning more often than their odds imply, and finishing races before their more heavily-favoured male peers.
We compare the performance of men and women -relative to betting market expectations -both in terms of wins and final placings. For the full sample, we find that the market slightly underestimates women, who win 0.3% more races than predicted. However, this small effect masks differences across race types. Women are underestimated to a greater
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extent in steeplechases -winning 0.9% more races than predicted, and in hurdles -finishing, on average, 0.54 places higher than predicted. Both of these are forms of jump racing, where female participation is low.
Nevertheless, we should be cautious in extrapolating these results to other occupations.
Male and female jockeys compete on a largely physical basis, while most gender competition in the workplace involves only mental tasks. In other words, mistake-based discrimination may not arise in a more typical occupation, where differences between men and women are less obvious. On the other hand, it should be noted that the betting market is an arena where discrimination is uniquely costly. If certain bettors discriminate against women, and therefore overbet on male jockeys, their money will be quickly lost. What's more, informed arbitrageurs can step in, bet on female jockeys, and destroy any remnant of the initial discrimination. It is debatable whether firms can so easily arbitrage discrimination against women in other workplaces. In other words, if mistake-based discrimination were to arise in other occupations, it may be more persistent. Regressions to establish whether female jockeys win more often than their odds imply, this time analysing different types of races. An indicator variable equalling 1 if the horse won the race, was regressed on the implied win probability of the horse (defined as 1/SP where SP is the starting price), and an indicator equalling 1 if a female jockey rode the horse. An OLS specification was used, heteroskedasticity-consistent standard errors (clustered for each jockey and each horse) are in parentheses, and ***, **, and * indicates significance at the 0.1%, 1%, and 5% level respectively. The first regression uses data from all race types, with subsequent regressions examining all-weather flat racing, flat racing, national hunt flat races, hurdle races, and steeplechases. 

